Abstract. The relative tumor burden (rTB), the tumor burden normalized to body surface area, is of prime clinical and prognostic value in Hodgkin's lymphoma. However, its measurement is rather complicated and a bedside computation cannot be proposed. We investigated the possibility of estimating, instead of measuring, rTB from elementary parameters of the initial staging. The rTB of 507 patients, treated with therapeutic protocols of the Gruppo Italiano Studio Linfomi according to their staging characteristics, was measured through their pre-therapy computed tomographies. The relationships between rTB and staging characteristics were analyzed with simple and multiple regressions both in a training sample (254 patients) for a selection of predictive parameters, and in a test sample (253 patients) for validation of the results. The number of involved sites, bulky mass and the IPI score were the variables best related to rTB. The resulting final equation {estimated rTB = -4.3 + 8.3 x IPI 2 + 22.7 x [no. of involved sites (+3 if a bulky mass is present)]} provided the maximal approximation to the measured rTB (R 2 = 0.671). The validity of the equation was confirmed on the test sample and the predictive superiority of the estimated rTB over IPI was still evident in terms of failure-free survival in both groups of patients. The estimated rTB is accurate enough to retain most of the prognostic advantage of the measured rTB over the IPI score. It can be easily calculated, allows a valid approximation of the measured rTB, and can be proposed as a useful tool for clinical research and practice.
Introduction
Many of the clinical parameters used for the initial staging of patients with Hodgkin's lymphoma have a well-known, partly independent prognostic value and are variably related to the tumor burden (TB). This is the case of clinical stage, bulky mass, number of involved regions, inguinal lymphadenopathy, number of splenic nodules, and numerous serologic indicators, including lactate dehydrogenase, β2-microglobulin, serum albumin, hemoglobin, white blood cell count, peripheral lymphocyte count, erythrosedimentation rate, and soluble CD30 and CD54 concentration (1, 2) . All these factors can be individually considered as vague and inaccurate surrogate indicators for TB. However, in Hodgkin's lymphoma, as in several other tumors, a direct measure of TB, even if only estimated, is invariably prognostically superior to any other indicator. In some studies conducted between 1986 and 1992 Specht et al (3, 4) devised and extensively applied an indirect technique for estimating the TB. The method was semiquantitative, rather complex, with some step of subjectivity, and relied partly on the evaluation of abdominal lymphangiography, a radiologic examination that has now been completely abandoned. Despite the potential inaccuracies, TB measured in this way was demonstrated as the most important prognostic factor and variably correlated with most of the clinical parameters of the disease, which lost their independent predictive power whenever TB was taken into account (4) . The superiority of the TB over the other single prognostic factors and composite prognostic scores was confirmed by a more accurate assessment of TB through the evaluation of the whole-body staging computed tomography (CT) (5, 6) . This evaluation technique is direct, quantitative, and more easily reproducible than that adopted by Specht et al but it is not much simpler. It is probably for this reason that in spite of its heuristic interest and clinical advantages, with particular reference to the relationship demonstrated with the efficacy of treatments (7) , this technique has not been widely applied.
Here we propose an easy, approximate estimate of TB, which can be computed quickly with a pocket calculator from some data of the patient's initial clinical evaluation, hoping that it could be extensively applied in patients with Hodgkin's lymphoma, whenever the direct measure seems to be unfeasible or too complicated.
Patients and methods

Patients.
Over the last 12 years we retrospectively measured the relative tumor burden (rTB), the tumor burden normalized to body surface area, of 507 patients with biopsy-proven, untreated Hodgkin's lymphoma who entered some treatment protocols of the Gruppo Italiano Studio Linfomi (GISL). Fifty-one patients with early, favorable-stage disease were treated with combined VBM chemotherapy (vinblastine, bleomycin and methotrexate) and involved-field radiotherapy. One hundred and twenty-nine patients with early unfavorable-stage disease were treated with a flexible program including ABVD chemotherapy (doxorubicin, bleomycin, vinblastine and dacarbazine) and involved-field radiotherapy. After a block of three ABVD cycles these subjects underwent an early restaging, then further received either one or three ABVD cycles according to the recorded complete or partial response, respectively. Another 327 patients with advanced-stage disease entered two subsequent randomized trials in which an identical arm with ABVD six cycles plus optional radiotherapy constituted the reference standard treatment, which was administered to 117 patients. The experimental treatments included different chemotherapy regimens, invariably administered in six cycles followed by the same optional and limited radiotherapy as in the ABVD arm. The regimens were six cycles of M(C) OPPEBVCAD [mechlorethamine (or cyclophosphamide), vincristine, procarbazine, prednisone, epidoxorubicin, bleomycin, vinblastine, lomustine, melphalan and vindesine] in 103 patients and BEACOPP (bleomycin, etoposide, doxorubicin, cyclophosphamide, vincristine, procarbazine and prednisone) in 107. Details on staging, treatment and clinical results of the trials that included the patients of the present study were reported by Gobbi et al (8) for those with early favorable stages, by Iannitto et al (9) for the patients with early unfavorable stages, by Gobbi et al (10) and Federico et al (11) for patients with advanced-stage disease.
Staging procedures were performed according to the Cotswolds' Meeting (12) recommendations. The criteria for inclusion of patients into the present retrospective study were the following: availability of the magnetic records of CT scans of the neck, thorax, abdomen and pelvis performed before the start of treatment; availability of information regarding presence of bulky mass, constitutional symptoms, number of involved lymph nodes and extralymphatic involvement; availability of a complete data set regarding differential blood count [white blood cells (WBC), lymphocyte (Ly)], hemoglobin concentration (Hb), eryhtrocyte sedimentation rate (ESR), serum albumin (Alb), serum lactate dehydrogenase (LDH), serum β2-microglobulin (β2-m); Karnofsky index; pattern of bone marrow infiltration, if present (nodular or focal or diffuse); patients' signed consent to the use of these radiologic and clinical data. The International Prognostic Index (IPI) score (13) was determined for each patient. As indicated by Vassilakopoulos et al (14) , the anatomical areas of involvement that were considered for numbering were the following: Waldeyer's ring; cervical and/or supraclavicular and/or occipital and/or preauricular (right and left separately); axillary and/ or infraclavicular (right and left separately); epitrochlear (right and left separately); mediastinal (one site); hilar (right and left separately); paraortic (one site); coeliac and hepatic hilar nodes (one site); mesenteric (one site); iliac and/or inguinal (right and left separately); spleen and/or splenic hilar nodes (one site); popliteal (right and left separately). Each extranodal site of involvement was considered separately and added to nodal ones. Each lung was considered as a separate site. Bone marrow was also considered as one site of involvement even in the case of multiple lesions. A mediastinal mass greater than one-third of the maximum diameter of the chest at T5-T6 level and/or peripheral or retroperitoneal lymphadenopathy >10 cm in the largest diameter were considered bulky masses (12) .
Tumor burden assessment. The technical procedures for assessing tumor burden from CT scans have been detailed carefully elsewhere (5, 6) . The CT imaging had to be performed before the start of the treatment, had to cover the neck, thorax, abdomen and pelvis, and images had to be taken with nonionic contrast medium. The majority of CT scans were saved on magnetic records and were re-evaluated by means of either the software resources available in the CT equipment or the Osirix ® software for Apple computers. Radiologists, who were always blind to any clinical information about the patients, systematically outlined every lymphomatous lesion, nodal or extranodal, in each scan slice. This allowed calculation of the areas of the lesions which were present in any slice; from the thickness of the slices the volume of the tumor per slice and, finally, the sum of the volumes in all the slices. The volume of bone marrow involved was calculated from the volume of hemopoietically active tissue using the simple Wickramasinghe's formula (15) (hemopoietic bone marrow =20 ml/kg body weight) applied to the ideal body weight according to Devine (16) [ideal body weight = 50 kg (for males) or 43.5 kg (for females) + 2.3 kg per inch (2.54 cm) of height >5 feet (152.4 cm)]. A variable fraction of the so calculated total marrow volume was taken into consideration for the addition to the whole tumor burden according to the microscopic pattern of the lymphoid infiltration, either diffuse (50%) focal (10%) or nodular (5%) (4) . Finally, the obtained TB was normalized to the body surface area and this relative tumor burden (rTB), expressed in cm 3 /m 2 , was utilized throughout the study with two aims. First, to relate the patient's metabolic and immunologic functions and parameters to the proportion of TB with the size of the host rather than to the absolute tumor load and, second, to ensure comparability with the amount of antineoplastic drugs (usually undergoing the same normalization).
Statistics. A series of simple and multiple regression analyses with the elementary staging parameters as predictive variables and the measured rTB as the dependent variable were conducted to search for a simple combination of clinical parameters that could estimate the total tumor volume with enough accuracy. The R 2 , as an index of predictive ability, and the inferential tests on the partial regression coefficients, as a measure of correlation, were the guides for selecting the best variables. The dummy values '0' and '1' were assigned according to the absence or presence, respectively, of the nominal variables (bulky mass, 'B' symptoms, extranodal involvement, bone marrow involvement, gender) (17) . The final objective was to determine the set of a few clinical variables with the highest predictive value of the measured rTB.
The study population was subdivided into two independent subsets of patients. We explored first the training sample of 254 subjects, and comparatively evaluated the predictive ability of the elementary staging parameters and selected the best combination. In the second subset involving 253 patients, we cross-validated the predictive accuracy of the selection made in the first group. The patients were subdivided by assigning alternate patients to the two groups following the chronological order of recruitment into the study.
The failure-free survival was computed from the beginning of treatment up until one of the following events: disease progression during treatment, incomplete remission at the end of treatment, relapse or death from the disease. Table I illustrates the clinical characteristics of the patients studied and displays that both the training and test sample were well-balanced.
Results
The evaluation of the simple regressions towards the measured rTB of the 20 staging parameters listed in Table II demonstrated that most of the variables were statistically correlated with the rTB at a highly significant level whereas their individual R 2 is generally low, apart from that of the IPI score, due to its multiparametric characteristic. The data presented in Table II indicated that the possibility of improving the prediction of rTB made with a single parameter by combining a certain number of parameters would be worth exploring.
A series of multiple regressions selected only the following three staging variables strictly correlated with rTB: IPI score, bulky mass and number of involved sites (a multiple regression with these three variables had an R 2 of 0.496). A careful evaluation of the relationship between these three variables and rTB (Table III) showed that the best regression of the IPI score with rTB is not linear, but quadratic (R 2 =0.464 vs. 0.378). Moreover, the compared analysis of the regression coefficients showed that the presence of a bulky mass corresponds, on average and as far as the prediction of rTB is concerned, to about three additional involved sites besides those actually recorded.
The multiple regression with these two transformed variables, the squared IPI and the number of involved sites augmented by three in case of bulky mass, reached an R 2 of Most convincingly, the Es-rTB retained a better prognostic discrimination than the IPI score alone in terms of failure-free survival both in the training sample and in the test sample (Fig. 1) . This result shows that the Es-rTB can be an easy prognostic tool for Hodgkin's lymphoma, one that is much simpler than the measured rTB, and sufficiently accurate and reliable for clinical purposes.
Discussion
If the total tumor burden is considered as the whole amount of the truly malignant cells (the Reed-Sternberg and the Hodgkin cells) this should correspond to a small component of the pathologic tissue of Hodgkin's lymphoma. This is mostly represented by a variable mixture of reactive, non-neoplastic small lymphocytes, eosinophils, neutrophils, histiocytes and plasma cells, and precisely for this reason it would appear that the quantification of the purely neoplastic component might be more interesting and useful than evaluations including the reactive component. However, although it seems unquestionable that the neoplastic cells are the primary determinants of the biological and clinical alterations, both local and systemic, ultimately conditioning the prognosis, quantification of the purely neoplastic cells, when performed, did not clearly improve predictive ability (2) over computation of the whole cell population. This might mean that the variable intensity of the biological activity of the tumor cells is more important than their absolute number, and that their cytokine production and consequent immunologic interactions are crucial for the recruitment of a variably abundant mass of reactive non-neoplastic cells. These constitute a larger proportion of the volume of the clinically evident lesions compared to the neoplastic elements by which they are directly or indirectly stimulated, and the biological activity of which they reflect. Thus, it seems reasonable that, for clinical and prognostic purposes, it may be less important to assess the neoplastic component separately from the reactive one. In fact, in clinical practice therapeutic decisions are based on the whole size of the lesions, as evaluated by palpation, ultrasonography, CT and positron emission tomography. These techniques do not discriminate between neoplastic and reactive cell populations.
Some comments are needed to clarify the aspects of the equation used to estimate the rTB. It is essentially based on two parameters, the number of involved sites, which can also incorporate information on the presence of bulky mass, and the IPI score. The number of involved sites was pointed out as a partial surrogate parameter of tumor burden by Figure 1 . Comparison of the predictive power, relative to the failure-free survival (FFS), of the measured rTB, the estimated rTB (Es-rTB) and the IPI score both in the training subgroup (254 patients) and in the test subgroup (253 patients).
Vassilakopoulos et al (14) and its importance was partially confirmed by our results. Specifically, in the prognostic comparison with the measured rTB performed in a previous analysis (4), the number of involved sites was found to be the second best factor related to the time-to-treatment failure and to disease-free survival and the third best factor related to less than complete response or relapse within 12 months of the end of the treatment. The definition of the anatomic regions for the number of involved sites as suggested by Vassilakopoulos et al (14) has been demonstrated to be prognostically valid. In this study the average prognostic correspondence of bulky mass to about three further involved sites besides those actually recorded is an indirect confirmation of its value.
The paramount predictive power of the IPI score related to the rTB is likely due to the score's integration of seven elementary prognostic parameter (serum albumin <4 g/dl, hemoglobin <10.5 g/dl, male gender, stage IV, age ≥45 yr, white cell count ≥15,000/µl and lymphocyte count <600/µl or <8%), nearly all of which are independently related to the rTB (see Table II ). The inclusion of the IPI score in the equation was fully expected. However, its quadratic regression with the measured rTB was unexpected and indicates that the presence of any additional parameter within the IPI score is supported by an additional, rather than constant, increase of the amount of tumor. This provides further evidence of the relationship between the activity of the neoplastic component and the effects of its cytokine production, both locally, with recruitment of reactive cells, and systemically, with functional depression of liver and bone marrow (as reflected by many of the IPI variables).
Despite the elevated R 2 the equation has a notable estimate error, which cannot be further reduced by other available pre-therapeutic parameters. Nevertheless, the estimated rTB retained a significant prognostic advantage over the IPI score. Moreover, as recently pointed out, the estimated rTB could help to identify the possibility of response to a given treatment in relation to the initial rTB (5) . Thus, the indirect estimate of rTB can be proposed for investigational and clinical use when a direct measurement cannot be performed, at least until a new, simplified technique for the direct assessment of rTB becomes available.
